Treatment regimens involving obinutuzumab (GA101) demonstrated increased efficacy to rituximab in clinical trials for nonHodgkin's lymphoma (NHL) and chronic lymphocytic leukemia (CLL). However, the pharmacokinetic (PK) properties and the exposure-response relationships of obinutuzumab still need to be fully described. Data from four clinical trials of obinutuzumab were analyzed to describe the PK properties in patients with NHL or CLL and the pharmacodynamic (PD) properties in patients with CLL. A population PK model with linear time-dependent clearance described the obinutuzumab concentration-time course. Diagnosis, baseline tumor size (BSIZ), body weight, and gender were the main covariates affecting obinutuzumab exposure. In patients with CLL, exposure was not associated with safety but showed positive trends of correlation with efficacy. Although efficacy correlated positively with exposure, since both efficacy and exposure correlated negatively with BSIZ, it was not possible to determine with certainty whether it would be beneficial to adjust the dose according to BSIZ.
Treatment regimens containing the anti-CD20 monoclonal antibody rituximab (MabThera; Rituxan, F. Hoffmann-La Roche) have improved clinical outcomes, including survival, in non-Hodgkin's lymphoma (NHL) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and chronic lymphocytic leukemia (CLL) patients. 4, 5, [7] [8] [9] [10] [11] Consequently, rituximab has become the standard-of-care treatment for these malignancies. 12, 13 However, some patients do not respond adequately to rituximab and others eventually relapse. Therefore, there remains an unmet medical need for treatments with improved antitumor activity without increased toxicity.
Obinutuzumab (GA101; Gazyva, F. Hoffmann-La Roche) is a novel, humanized anti-CD20 monoclonal antibody. Obinutuzumab has a glycoengineered Fc region, which facilitates induction of enhanced antibody-dependent cell-mediated cytotoxicity relative to rituximab. 14, 15 Obinutuzumab is a type II monoclonal antibody, which increases levels of direct cell death compared with a type I monoclonal antibody such as rituximab. [16] [17] [18] The safety and efficacy of obinutuzumab for the treatment of various CD20+ B-cell malignancies were assessed in four clinical trials. The phase I/II studies GAUSS and GAUGUIN evaluated a wide range of obinutuzumab doses (50-2,000 mg) in patients with CLL, B-cell lymphoma (BCL), diffuse large BCL (DLBCL), mantle cell lymphoma (MCL), or follicular lymphoma. [19] [20] [21] [22] [23] In the phase Ib GAUDI study in relapsed/refractory NHL patients, obinutuzumab doses of 400-1,600 mg were assessed, 24 and in the phase III CLL11 study, previously untreated comorbid CLL patients received obinutuzumab 1,000 mg. 25 GAUSS, GAUGUIN, and GAUDI assessed the pharmacokinetics (PK) of obinutuzumab, [20] [21] [22] [23] [24] but the relationship of PK to pharmacodynamics (PD) was not evaluated. Here, we report the results of a population PK model for obinutuzumab that integrates data from GAUSS, GAUGUIN, GAUDI and CLL11, and the results of an exploratory graphical exposure-response analysis of obinutuzumab using data from CLL11. The aims of this work were to (i) describe the PK properties of obinutuzumab in CLL and NHL patients, (ii) identify covariates that influence exposure in CLL and NHL patients, and (iii) explore the relationships between exposure and safety, efficacy and PD parameters in CLL patients.
Results

Analysis population
The dataset for the analysis comprised 12,634 quantifiable serum samples from 678 patients treated with obinutuzumab (table 1); 3,446 samples were contributed from GAUGUIN (131 patients; 30 CLL, 101 NHL), 3,634 from GAUDI (134 NHL patients), 2,327 from GAUSS (105 patients; 101 NHL, 4 CLL), and 3,227 from CLL11 (308 CLL patients).
Summary statistics for the covariates in each study and the total analysis population are shown in table 2. In the analysis population, 57.1% were male, mean (range) age was 65.7 years (22-89 years), mean (range) weight was 75.6 kg (40-140 kg), and mean (± standard deviation (SD)) baseline tumor size (BSIZ) was 5,390 (±19,100) mm 2 . Patients in CLL11 (comprising previously untreated CLL patients) were older than those in GAUGUIN, GAUDI, or GAUSS, reflecting the inclusion criteria and patient population for CLL11. Additionally, patients in CLL11 had higher B-cell counts at baseline than those in any of the other studies (table 2) . Approximately half (342/678) of all patients in this analysis Phase I Multicohort, three-by-three dose-escalation study in patients with CD20 + malignant disease (17 NHL and 5 CLL patients) Cohorts 1-5 (each n = 3) and Cohort 6 (n = 6) received obinutuzumab at 200, 400, 800, 1,200, 2,000, and 1,000 mg, respectively, during induction therapy (i.e., 4 weekly infusions) Cohort 6 (1,000 mg) was included to provide safety and tolerability data before exploring in phase II Patients who demonstrated a CR/CRu/PR at the end of induction were eligible for entry into a 2-year extended treatment period where they received obinutuzumab once every 3 months (2, 192 vs. 1,149 points). Additionally, the high value of the Michaelis-Menten constant (K M = 229 µg/ml) in the MM model was inconsistent with targetmediated elimination. Therefore, the model with time-dependent clearance was retained, where clearance was a sum of time-dependent clearance (CL T ) with associated decay coefficient (k des ), and time-independent clearance (CL inf ). The model was further improved by the introduction of allometric scaling with fixed power coefficients on clearances and volumes of 0.75 and 1, respectively, and by the addition of interindividual random effect on the proportional residual error.
Covariate model development
As the preliminary investigation indicated that the parameters of the peripheral compartment (intercompartmental clearance (Q) and peripheral volume (V 2 )) could not support the covariate effects, the full covariate model included the covariate effects only for the parameters of the central compartment. In the base model, patients with a low BSIZ (below ~1,500-2,000 mm 2 ) appeared to have higher k des values than those with a higher BSIZ. Preliminary investigation of dependence of k des on BSIZ suggested that converting BSIZ into a categorical covariate, by splitting BSIZ into two groups (BSIZ ≤ 1,750 mm 2 and > 1,750 mm 2 ), provided a better fit than splitting at other values of BSIZ or using a continuous covariate. Therefore, BSIZ was tested as a categorical covariate.
Baseline B-cell counts and diagnosis were confounded, as high B-cell counts were observed in CLL patients. Therefore, diagnosis was used as the primary covariate of interest rather than baseline B-cell count. Models that used B-cell counts as an explanatory covariate were also tested but were shown to be inferior, possibly because B-cell counts were highly variable and dependent on the prior treatment history, being close to or below the detection limit for patients who had prior exposure to B-cell-targeted biologic therapies.
The covariate effects retained in the final model were: weight on clearance and volume parameters; sex on CL T , CL inf , and central volume (V 1 ); diagnosis on k des , CL T , and CL inf ; and BSIZ on k des . Age and creatinine clearance did not have a detectable effect on PK parameters. A summary of the parameter estimates of the final covariate model is shown in 28 , and 3, 6, 9, and 12 months after last treatment dose A sample was taken at the last visit for patients who withdrew CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; Clb, chlorambucil; CLL, chronic lymphocytic leukemia; CR, complete response; CRu, complete response unconfirmed; FC, fludarabine and cyclophosphamide; FL, follicular lymphoma; GClb, obinutuzumab and chlorambucil; ITT, intent to treat; NHL, non-Hodgkin's lymphoma; PK, pharmacokinetic; PR, partial response; RClb, rituximab and chlorambucil. a Twenty-three patients had no PK samples. One patient was removed due to inconsistent PK data, and six patients from the open label run-in period were added. Shrinkage was small for all parameters except the parameters of the peripheral compartment. For patients with sparse sampling, there was insufficient information to estimate random effects on V 2 and Q precisely. However, these effects were retained in the model as the IMPMAP estimation method works more efficiently when all fixed effect parameters have an associated random effect. 26, 27 Correlation of the random effects was not included in the model, since no correlation was observed for the subset of patients with dense sampling.
Model-based simulations
The effects of covariates on the typical concentration-time courses for patients receiving obinutuzumab 1,000 mg on days 1, 8, and 15 of cycle 1, and day 1 of cycles 2-6 are shown in Figure 1 . Sex and weight affected the concentration-time course of obinutuzumab (Figures 1a,b) . Serum levels were ~20% lower in men than women (Figure 1a) . Serum levels among women with the highest body weight were ~60% lower than women with the lowest weight (Figure 1b) .
Investigation of the impact of diagnosis on the concentration-time course of obinutuzumab (Figure 1c) showed that BCL or DLBCL patients had serum levels approximately twice that of MCL patients. CLL patients had serum levels intermediary between BCL or DLBCL patients and MCL patients.
BSIZ also affected serum obinutuzumab levels ( Figure  1d) . Patients with high BSIZ (> 1,750 mm 2 ) had lower serum levels than individuals with low BSIZ (≤ 1,750 mm 2 ). These differences were most pronounced during the first 4 months of dosing; from 4 months onwards, obinutuzumab exposure was not affected by BSIZ.
Model-based simulations of the obinutuzumab concentration-time curves (Figure 2) showed that steady-state levels were achieved after ~4 months of dosing. The predicted steady-state mean (SD) area under the curve (AUCτ, where τ = 28 days) in BCL or DLBCL patients (12,574 (5,648) µg/ ml*h and 12,626 (5,865) µg/ml*h, respectively) was higher than in individuals with CLL (9,943 (4,908) µg/ml*h), while MCL patients had the lowest values (6,038 (3,028) µg/ml*h). Similar trends were observed for minimum (trough) drug concentration (C trough ) and maximum drug concentration (C max ). 
impact of obinutuzumab exposure on safety, efficacy, and PD parameters in Cll patients
The relationships between obinutuzumab exposure and response were examined in CLL patients participating in CLL11. Results of the graphical analysis showed no association between the occurence of serious adverse events (SAEs) and serum levels of obinutuzumab: concentrationtime profiles for patients who experienced SAEs were similar to those without SAEs. The occurrence and grade of SAEs and infusion-related reactions (IRRs) following the first dose of obinutuzumab were not affected by exposure. Distributions of C max were similar for each grade of IRRs or SAEs following the first dose. For SAEs that occurred following the first dose, occurrence of SAEs did not depend on C max. For SAEs that occurred later on, the occurrence of SAEs was not associated with cumulative AUC or mean exposure (C mean ).
The potential association between neutrophil counts and obinutuzumab exposure was also examined. Patients were divided into three groups of similar size based on their exposure to obinutuzumab: C mean < 245 µg/ml (n = 69); 245 µg/ml ≤ C mean ≤ 398 µg/ml (n = 65); C mean > 398 µg/ml (n = 68). Results of the graphical analysis revealed that in all exposure groups, there was no correlation between observed neutropenia and exposure to obinutuzumab; in each exposure group, neutrophil counts were ~5 × 10 9 /L at baseline and declined to 2 × 10 9 /L almost immediately after the start of obinutuzumab administration. When obinutuzumab was no longer in the circulation, neutrophil counts slowly returned to baseline levels. There was also no association between the observed grade of neutropenia and exposure to obinutuzumab; distributions of C max were similar across all grades of neutropenia (0-4), regardless of BSIZ.
There was no association between obinutuzumab exposure (C mean group) and the time course of B-cell counts. At baseline, the mean B-cell count in the total patient population was 31.7 × 10 9 /L; after the start of obinutuzumab administration, B-cell counts decreased to almost zero and remained suppressed throughout the analysis period. Percentage change in tumor size from baseline was lower in the low obinutuzumab exposure group than the medium and high exposure groups. When the exposure groups were stratified by BSIZ, the dependency of tumor size change on obinutuzumab exposure remained for patients with a high BSIZ (> 1,750 mm 2 ), but not for those with a low BSIZ (≤ 1,750 mm 2 ). Similarly, for efficacy parameters progression-free survival (PFS) and best overall response (BOR)), higher exposure to obinutuzumab was associated with a more favorable outcome; greater BOR correlated with higher C mean values (Figure 3a) , which remained when patients were stratified by BSIZ (Figures 3b,c) . Kaplan-Meier survival analysis suggested that a higher exposure to obinutuzumab was also associated with prolonged PFS (Figure 4a) . However, when the data were stratified by BSIZ, PFS was prolonged only in patients with large BSIZ (> 1,750 mm 2 ; Figure 4b ) and not in those with smaller BSIZ (≤ 1,750 mm 2 ; Figure  4c) . Overall, insufficient response data were available to support a rigorous PK-PD survival analysis, with very low numbers of patients having stable or progressive disease.
DisCussiON
This analysis demonstrated that a two-compartment PK model with linear and time-dependent clearance components accurately described the concentration-time course of obinutuzumab in patients with B-cell malignancies, with steadystate PK parameter values typical of monoclonal antibodies.
The PK model is consistent with previous experience, as the PK of antibodies that target B-cell receptors is often timedependent (e.g., rituximab). [28] [29] [30] [31] This is different from the nonlinearity associated with target-mediated drug disposition, and is likely related to depletion of the target or changes in the target expression levels with time, rather than saturation of the target-mediated elimination. Models with targetmediated drug disposition (Michaelis-Menten) elimination terms were also tested, and they were not able to describe the time-dependency of clearance, or significantly improve the model fit. Models relating changes in clearance to the observed depletion of circulating B-cells were also tested, but they were not able to explain the observed dependency of clearance on time. B-cells in circulation are eliminated very rapidly, while the observed time-dependence of clearance has a longer characteristic time scale. Another alternative is to use the latent variable approach, where the latent variable would reflect the disease state and amount of target throughout the body (rather than the target in circulation). In theory, the latent variable model would allow prediction of the increase in clearance following treatment interruptions. However, there were no data available to support estimation of the turnover parameters of latent variable models. After several initial cycles, concentration-time data were well described by a model with time-independent clearance without any evidence of rebound of clearance. Analysis of covariates showed that clearance (initial and steady-state) and rate of clearance decline were dependent on disease histology (CLL, BCL, DLBCL, or MCL). MCL patients had higher clearance than CLL patients, while individuals with BCL or DLBCL had the lowest clearance. Decline of clearance was faster in NHL patients than CLL patients. These data suggest that tumor type affects obinutuzumab exposure. Higher clearance and slower decrease of clearance in CLL and MCL is consistent with higher levels of target cells (B-cells) in circulation in these diseases compared to BCL and DLBCL, where the majority of malignant cells are located in harder-to-reach tissues. However, clearance in CLL was lower than in MCL, despite higher peripheral B-cell counts in CLL. This is likely due to the significantly higher expression of CD20 receptors on B-cells in MCL patients compared with CLL patients. [32] [33] [34] The decline of clearance was faster for patients with lower BSIZ than for those with higher BSIZ, also consistent with target-mediated drug disposition.
The analysis indicated that the steady-state clearance and volume parameters of obinutuzumab increased with body weight, which is as expected for a monoclonal antibody. 35 Sex had a limited effect on clearance and volume parameters, with men exhibiting higher steady-state clearance and central volume than women. While the reason for this effect is unknown, it could possibly be related to intrinsic differences between males and females in the molecular biology of B-cell malignancies 36 or in FcγRIIIa polymorphisms. [37] [38] [39] However, the effects of sex and body weight on the PK of obinutuzumab were not considered to be clinically significant. Additionally, the clearance and volume parameters of obinutuzumab were independent of age and renal function. Overall, these results indicated that no dose adjustments would be necessary for any of these covariates.
Evaluation of exposure-efficacy relationships in CLL patients was complicated by the influence of BSIZ on the PK of obinutuzumab. Patients with a low BSIZ (≤ 1,750 mm 2 ) exhibited higher obinutuzumab exposure during the initial weeks/months of treatment compared with individuals with ). The percentage change in tumor size from baseline was lower in the lowest exposure group than in the higher exposure groups. When patients were stratified by BSIZ, this relationship remained in patients with high BSIZ, but not in those with low BSIZ. There was a trend toward improved BOR for patients with higher exposure to obinutuzumab, which remained after stratification by BSIZ. For PFS, patients who did not have an event had a slightly higher exposure than those who did experience an event, both overall and when stratified by BSIZ. Among patients with events, longer survival appeared to be associated with higher exposure. Kaplan-Meier plots suggested that the observed relationships were mostly due to the lower survival in the lowest exposure group for patients with BSIZ > 1,750 mm 2 . Therefore, it was not possible to determine whether adjusting the dose of obinutuzumab would improve efficacy outcomes. Neither the population PK model nor the individual fit identified disease progression as a significant Figure 4 Kaplan-Meier analysis for progression-free survival by obinutuzumab exposure group. Patients in the analysis population were stratified into three groups according to obinutuzumab exposure: C mean < 244 µg/ml; 244 ≤ C mean ≤ 386 µg/ml; C mean > 386 µg/ml. C mean , mean exposure. After the initial change in clearance, no time dependency of the model parameters was observed, and no influence of disease progression was evident from the diagnostic plots, so dependence of exposure on metrics of survival is unlikely. Further investigation of the impact of exposure on treatment outcomes is warranted. For all exposure groups, peripheral neutrophil and B-cell counts decreased from baseline after the start of obinutuzumab administration and remained low for the duration of the study. The maximum effect was already reached in the lowest exposure group; no further decline in B-cell or neutrophil counts or neutropenia grade was observed in the higher exposure groups. There was no relationship between obinutuzumab concentrations and the occurrence of SAEs. No association was found between predicted C max of obinutuzumab following the first dose and occurrence of SAEs or IRRs following the first dose. There was also no correlation between obinutuzumab exposure (cumulative AUC and C mean ) and occurrence of later SAEs.
In conclusion, a PK model with linear and time-dependent clearance components developed in this analysis accurately estimated the concentration-time course of obinutuzumab in NHL and CLL patients. The strong clinical response of CLL patients when treated with obinutuzumab supports the dose and regimen administered (1,000 mg in cycle 1 (days 1, 8, and 15) and 1,000 mg in cycles 2-6 on day 1). It was found that clearance of obinutuzumab was mainly affected by diagnosis and BSIZ. While the results of exposure-response analysis of safety parameters for CLL patients demonstrated no association between safety and exposure to obinutuzumab, the suggestion of improved efficacy with increased exposure in patients with high tumor burden requires further investigation.
MetHODs
Patients and study designs
The PK model was developed using clinical data from patients with CD20+ NHL or CLL participating in GAUGUIN (BO20999; NCT00517530), GAUDI (BO21000; NCT00825149), GAUSS (BO21003; NCT00576758), and CLL11 (BO21004; NCT01010061). In these studies, obinutuzumab was administered at a dose of 200-2,000 mg by intravenous (IV) infusion (maximum rate of 400 mg/h). Details are shown in table 1. All studies were conducted in accordance with the principles of the Declaration of Helsinki and the International Conference on Harmonization Guidelines for Good Clinical Practice. Each study protocol was approved by the ethics committee at participating study centers. serum sampling and bioanalytical methods table 1 shows details of the serum sampling schedule for each study. Obinutuzumab concentration in serum samples was determined using an established and validated sandwich enzyme-linked immunosorbant assay. 19, 20, 40 The lower limit of quantification was 4.05 ng/ml. Concentrations were below this limit in 74 postdose observations (0.6% of samples); these observations were excluded from the analysis.
Base PK model development
Analysis of the population PK data was conducted using nonlinear mixed-effects modeling with NONMEM software version 7.2.0 (Icon Development Solutions, Ellicott City, MD). 26 The Monte Carlo importance sampling expectation-maximization assisted by mode a posteriori estimation (IMPMAP) method was used. The IMPMAP method is faster than the first-order conditional estimation with interaction method, while providing the same level of information for target-mediated drug disposition -type models in monoclonal antibodies. 27 The PK of monoclonal antibodies are usually described by a two-compartment model, either linear or with target-mediated disposition. B-cell-targeting monoclonal antibodies such as rituximab have also been shown to exhibit time-dependent clearance, a possible reflection of treatment-related decreases in target B-cell counts over time. Therefore, the initial two-compartment model was tested using a linear elimination, a parallel linear and Michaelis-Menten elimination, or a time-dependent clearance. In the time-dependent clearance model, clearance (CL) was the sum of the time-dependent (CL t ) and time-independent (CL inf ) terms (CL = CL t + CL inf ). Time-dependent clearance decreased with time as CL t = CL T exp(−k des TIME), where CL T is the initial value of timedependent clearance and k des is the decay coefficient of time-dependent clearance.
As a starting point, log-normally distributed interindividual random effects were introduced for all structural parameters and the residual error for observations was described by the combined additive and multiplicative error model. Model refinement was data-driven and based on goodness-of-fit indicators. During modeling, correlation of the random effects was observed for patients with dense sampling; therefore, it was not included in the model. Allometric scaling of body weight with fixed power coefficients (0.75 and 1 for all clearance and volume parameters, respectively) was introduced during base model development.
Covariate model development
A full covariate modeling approach emphasizing parameter estimation was used to develop the covariate model. Multiple covariates were simultaneously added to model parameters, including sex, body weight, age, BSIZ, baseline B-cell count, and diagnosis (CLL, BCL, DLBCL, or MCL). These covariates were chosen based on mechanistic plausibility, exploratory analysis, and scientific interest. The covariate model was refined based on point estimates, CIs, and diagnostic plots rather than on the OFV. The number of estimated parameters was reduced by eliminating small and well-estimated effects (where CIs included null values) and by grouping together categorical covariates with similar effects. The effects of categorical covariates were tested as binary covariates; the effects of continuous covariates were modeled using a normalized power model. Other covariates (normalized creatinine clearance, presence of antidrug antibodies) were evaluated by diagnostic plots. The NONMEM code for the final model is shown in supplementary table s1.
Model evaluation
All models were evaluated graphically using goodness-of-fit plots. Estimates of precision (asymptotic standard of error; 95% CIs) were calculated for each model parameter. The degree of regression to the mean was evaluated by computing the shrinkage for all random effects. 41 Various visual predictive checks, including VPC, standardized VPC, prediction-corrected VPC, and normalized prediction distribution error, [42] [43] [44] [45] were performed for the base and final covariate models, overall for all data and stratified by study, diagnosis, weight, or sex.
Model-based simulations
The final PK model was used to simulate the expected obinutuzumab concentration-time course for the dosing regimen used in CLL11 (1,000 mg IV every 4 weeks for 20 weeks with additional 1,000-mg IV doses on days 8 and 15 of cycle 1). The simulations were used to (i) evaluate the effects of covariates, (ii) determine the spread of concentrations and approach to steady-state, and (iii) compute steady-state PK parameters, such as AUC τ , C max , and C trough .
Graphical analysis of exposure-safety and exposureefficacy relationships for Cll patients (Cll11 study)
The exposure-safety analysis examined the relationship between obinutuzumab exposure and SAEs, IRRs, and the time-course of neutrophil counts. The exposure-efficacy analysis evaluated relationships between obinutuzumab exposure and PD parameters (B-cell counts, tumor size) and efficacy outcomes (BOR, PFS). The evaluated exposure metrics depended on the response end-point and included maximum concentration following the first dose (C max ), cumulative AUC from the first dose until the event (AUC cum ), or mean exposure (C mean ) defined as AUC cum divided by time elapsed from the first dose.
A total of 49 (15.9%) of the CLL11 patients whose data were used for the graphical exposure-response analysis dropped out from the study (for reasons not related to disease progression); these patients were included as censored observations.
